X. Zhao, J. Feng, J. Liu, J. Lu, W. Shi, G. Yang, G. Wang, P. Feng, P. Cheng, Adv. Sci. 2018, 5, 1700590 <https://doi.org/10.1002/advs.201700590>

1. Introduction {#advs544-sec-0010}
===============

Hydrogen, as a clean and renewable energy carrier, has attracted tremendous attention because of its great potential to replace traditional fossil fuels.[1](#advs544-bib-0001){ref-type="ref"}, [2](#advs544-bib-0002){ref-type="ref"} Hydrogen evolution by photocatalytic water splitting represents one of the most promising technologies due to the use of renewable and clean solar energy.[3](#advs544-bib-0003){ref-type="ref"}, [4](#advs544-bib-0004){ref-type="ref"}, [5](#advs544-bib-0005){ref-type="ref"}, [6](#advs544-bib-0006){ref-type="ref"} As a photocatalyst for hydrogen evolution, its efficiency greatly depends on the catalyst\'s capabilities of absorbing visible light and suppressing photogenerated electron--hole recombination.[7](#advs544-bib-0007){ref-type="ref"} Compared with a single catalyst, heterostructured nanomaterials or nanocomposites could combine the strengths of each individual material and solve abovementioned problems.[8](#advs544-bib-0008){ref-type="ref"}, [9](#advs544-bib-0009){ref-type="ref"}, [10](#advs544-bib-0010){ref-type="ref"} Fundamentally, the nanosized structural feature could cause a significant shift in the position of the band edge of the material to achieve the absorption of visible light[11](#advs544-bib-0011){ref-type="ref"}, [12](#advs544-bib-0012){ref-type="ref"} and provide higher surface area so as to potentially increase the accessible reaction sites for the photocatalysis.[13](#advs544-bib-0013){ref-type="ref"} In recent years, numerous efforts have been devoted to the design and fabrication of heterojunction photocatalysts for tailoring band gaps and improving the photocatalytic activity.[14](#advs544-bib-0014){ref-type="ref"}, [15](#advs544-bib-0015){ref-type="ref"} Two most‐used synthesis methods, interfacing different materials via aggregation,[16](#advs544-bib-0016){ref-type="ref"} and epitaxial nucleation of one material on the surface of the other,[17](#advs544-bib-0017){ref-type="ref"} have made a big contribution to this field but tend to lower the accessible active surface area and reduce the number of active sites. Therefore, it is essential to exploit new methods for the synthesis of heterojunctions, especially nanosized heterojunctions, for photocatalytic hydrogen evolution.

The ZnO/ZnS heterostructures are promising photocatalysts for hydrogen evolution because ZnO has photogenerated holes with high oxidizing power[18](#advs544-bib-0018){ref-type="ref"} and ZnS possesses both rapid generation of electron--hole pairs by photoexcitation and the highly negative reduction potential of photoexcited electrons.[19](#advs544-bib-0019){ref-type="ref"} More importantly, the bottom of the conduction band of ZnO is located in the band gap of ZnS,[20](#advs544-bib-0020){ref-type="ref"} yielding a superior material with a lower photoexcitation threshold than that of individual components.[21](#advs544-bib-0021){ref-type="ref"} Especially in nanometer‐scaled structures, the spatial proximity of the band edge wave functions to the interface would lead to an increase in the oscillator strength, which plays a decisive role in obtaining the material with small band gap and a visible‐light response from two materials with large band gap.[22](#advs544-bib-0022){ref-type="ref"} In addition, ZnO and ZnS are low cost and environmentally benign, and have high electrochemical stability and electron mobility that are indispensable for the efficient photocatalysts toward water splitting reaction.[23](#advs544-bib-0023){ref-type="ref"}, [24](#advs544-bib-0024){ref-type="ref"} So far, ZnO/ZnS composites including heterojunction particles and core/shell nanorods have been fabricated for photocatalytic application by the sulfidization or oxidation process.[25](#advs544-bib-0025){ref-type="ref"}, [26](#advs544-bib-0026){ref-type="ref"}, [27](#advs544-bib-0027){ref-type="ref"} These materials are usually large in particle size or synthesized by coating one component over the other. The large size leads to a long migration distance for the carriers to the photocatalyst surface, resulting in a low charge‐carrier separation efficiency.[9](#advs544-bib-0009){ref-type="ref"} The coating typically leads to a configuration in which the holes or electrons by photoexcitation gather in the inner component of the core/shell nanorod, making it difficult to migrate out. This could also hinder the separation of electrons and holes and limit the photocatalytic efficiency. Therefore, fabricating ZnO/ZnS nanosized heterojunctions for photocatalytic hydrogen evolution is still imperative and challenging.

Metal--organic frameworks (MOFs) are crystalline open‐framework materials with tunable pore structures and have shown great potentials in many fields.[28](#advs544-bib-0028){ref-type="ref"}, [29](#advs544-bib-0029){ref-type="ref"}, [30](#advs544-bib-0030){ref-type="ref"}, [31](#advs544-bib-0031){ref-type="ref"}, [32](#advs544-bib-0032){ref-type="ref"} Recently, the use of MOFs as precursor for the synthesis of new materials is undergoing the rapid development because of the compositional and structural diversities of MOFs. Such diverse features provide new opportunities to efficiently integrate MOF materials with other chemicals and to further tune the materials with desired properties.[33](#advs544-bib-0033){ref-type="ref"}, [34](#advs544-bib-0034){ref-type="ref"}, [35](#advs544-bib-0035){ref-type="ref"}, [36](#advs544-bib-0036){ref-type="ref"}, [37](#advs544-bib-0037){ref-type="ref"} More importantly, taking advantage of long‐range ordering at a molecular level, MOFs have been demonstrated to be highly useful precursors and templates for the synthesis of nanostructured carbon,[38](#advs544-bib-0038){ref-type="ref"} carbon decorated MO quantum dots,[39](#advs544-bib-0039){ref-type="ref"} and nanocomposites M/MO\@C (M = metal, MO = metal oxide).[40](#advs544-bib-0040){ref-type="ref"}

In this contribution, we report a novel and facile method to prepare ZnO/ZnS nanostructures with an average size of 20 nm and uniform composition distribution. These nanostructures were synthesized via solvothermal synthesis followed by high temperature treatments, in which H~2~S was produced from the alcoholysis of thioacetamide (TAA) and subsequently used in a high temperature treatment for the transformation of MOF‐5 to ZnS\@C. The formed ZnS\@C was further calcined in air to produce the nanostructured ZnO/ZnS materials (**Figure** [**1**](#advs544-fig-0001){ref-type="fig"}). Importantly, by adjusting the calcination time of ZnS\@C in air, a family of ZnO/ZnS nanostructured materials with different ZnO/ZnS ratios was obtained. They are named as ZnOS‐n: ZnOS‐15, ZnOS‐30, ZnOS‐45, and ZnOS‐60 (here n represents different treatment times in air leading to different ZnO/ZnS ratios). Among these synthesized ZnOS‐n materials, ZnOS‐30 shows excellent photocatalytic activity (415 µmol h^−1^ g^−1^) under visible light, which is one of the best photocatalysts for hydrogen evolution reaction (HER). Moreover, ZnOS‐30 demonstrates high stability and excellent recyclability, which could attribute to the synergetic effect of heterostructural feature of ZnO and ZnS nanostructures.

![Schematic illustration of the synthetic procedure of ZnO/ZnS heterostructures.](ADVS-5-1700590-g001){#advs544-fig-0001}

2. Results and Discussion {#advs544-sec-0020}
=========================

2.1. Characterization {#advs544-sec-0030}
---------------------

A new reflux method rather than conventional hydrothermal method[41](#advs544-bib-0041){ref-type="ref"} was used for large‐scale preparation of the microsized particles of MOF‐5 (Figures S1--S3, Supporting Information and Experimental Section), which is facile and economic. During the hydrothermal treatment of the as‐synthesized MOF‐5 in TAA ethanol solution, the ethanol could be added to the C=S bond to give CH~3~(NH~2~)C(OC~2~H~5~)‐SH. This process could result in the formation of CH~3~(NH~2~)C(OC~2~H~5~)~2~ and H~2~S.[37](#advs544-bib-0037){ref-type="ref"} The released H~2~S diffused into the channels of MOF‐5 and reacted with MOF‐5 to yield the rough ZnS particles, which were characterized by powder X‐ray diffraction (PXRD) and scanning electron microscopy (Figures S4 and S5, Supporting Information). Upon further thermal annealing in N~2~ atmosphere, the light‐yellow compound was converted into the carbon‐encapsulated highly crystalline ZnS nanoparticles (**Figure** [**2**](#advs544-fig-0002){ref-type="fig"}a--c). Finally, ZnS\@C was calcined in air to obtain ZnO/ZnS heterostructures (Figure [2](#advs544-fig-0002){ref-type="fig"}d--h). The temperature of 550 °C was chosen for carbonization of the rough ZnS under optimized N~2~ velocity. The obtained samples were investigated by transmission electron microscopy (TEM) and PXRD. Zinc sulfide nanoparticles (≈7 nm, Figure S6, Supporting Information) are surrounded by uniform porous carbon matrices (Figure [2](#advs544-fig-0002){ref-type="fig"}a--c). All the diffraction peaks matched well with the sphalerite zinc sulfide (JCPDS 1--792). The second calcination process was conducted in air at 450, 550, and 700 °C for 30 min (Figure S7, Supporting Information). The results showed that as calcining temperature increased the colors of the samples gradually shallow from black to white (Figure S7 inset, Supporting Information), indicating that increasing calcining temperature in air is conducive to the removal of carbon residue. Simultaneously, the chemical composition changed from ZnS\@C to ZnO/ZnS and finally to ZnO (Figure S8, Supporting Information). In order to partly transform ZnS to ZnO, ZnS\@C nanoparticles were calcined in air at 550 °C for the formation of ZnO/ZnS heterostructures. The resulting ZnO/ZnS heterostructures were characterized by high‐resolution TEM (HRTEM) and PXRD (Figure [2](#advs544-fig-0002){ref-type="fig"}d--h). The HRTEM images reveal that ZnO/ZnS heterostructures are nanoparticles with size of ≈20 nm. All the diffraction peaks of PXRD can be assigned to ZnO (JCPDS card no. 80--74) and ZnS (JCPDS card no. 1--792). The ratios of ZnO and ZnS can be controlled by modulating the calcination time of ZnS\@C composite in air for 15, 30, 45, and 60 min, and the finally obtained ZnO/ZnS heterostructures were denoted as ZnOS‐15, ZnOS‐30, ZnOS‐45, and ZnOS‐60, respectively. As shown in Table S1 (Supporting Information), the content of ZnS in ZnOS‐n decreases with the increasing annealing time in air. The compositions of ZnOS‐n are determined by X‐ray photoelectron spectroscopy (XPS), thermogravimetry analysis (TGA, Figure S9, Supporting Information) in air, and energy dispersive X‐ray spectroscopy (EDS, Figure S10, Supporting Information).

![a) TEM image, b) HRTEM image, c) PXRD of ZnS\@C. TEM images of d) ZnOS‐15, e) ZnOS‐30, f) ZnOS‐45, and g) ZnOS‐60. h) PXRD patterns of ZnOS‐n.](ADVS-5-1700590-g002){#advs544-fig-0002}

In order to further investigate the surface composition of ZnOS‐n, XPS survey spectra with the corresponding O 1s, S 2p, Zn 2p, and C 1s spectra were studied. As shown in **Figure** [**3**](#advs544-fig-0003){ref-type="fig"}a, the O 1s peak in ZnO/ZnS heterostructures is well divided into two peaks at 530.5 and 531.8 eV. The lower energy peak at 530.5 eV indicates the formation of ZnO,[42](#advs544-bib-0042){ref-type="ref"} and the higher energy peak at 531.8 eV is usually ascribed to chemisorbed oxygen on the surface of ZnO/ZnS nanoparticles.[43](#advs544-bib-0043){ref-type="ref"} The position of the S 2p peak (Figure S11, Supporting Information), Zn 2p~3/2~, and Zn 2p~5/2~ peak (Figure S12, Supporting Information) can be observed at 162.4, 1021.9, and 1044.9 eV, respectively, which suggested that S and Zn elements exist mainly in the form of S^2−^ and Zn^2+^ on the surface of the samples.[24](#advs544-bib-0024){ref-type="ref"} The presence of weak C 1s peak further confirms the residual small amount carbon in ZnO/ZnS heterostructures (Figure S13, Supporting Information).

![a) XPS survey spectra with the corresponding O 1s spectra of ZnOS‐n. b) HRTEM image, EDS spectra (panel b inset), c) SAED of ZnOS‐30.](ADVS-5-1700590-g003){#advs544-fig-0003}

As an efficient photocatalyst, a high charge‐carrier separation is of crucial importance in photocatalytic reactions. From the high‐magnification HRTEM image (Figure [3](#advs544-fig-0003){ref-type="fig"}b), the sizes of ZnOS‐n particles are all in the range of 16--24 nm (Figure S14, Supporting Information), which imply that carriers have short distances to migrate to the surface and can be beneficial for improving the charge‐carrier separation efficiency.[44](#advs544-bib-0044){ref-type="ref"} The pore size distributions showed that the pores are in the range of 9--13 nm for ZnOS‐n (Figure S15, Supporting Information). Besides, HRTEM shows that ZnO/ZnS heterostructures have abundant coupling interface between ZnO and ZnS nanoparticles, which could greatly enhance the electron transport and promote the photochemical activity. For a typical nanoparticle, the clear lattice spacing of 0.282 and 0.312 nm can be indexed to the (100) plane of ZnO and the (111) plane of ZnS, respectively. It is noted that there should be a mismatch between these two types of the nanostructures of ZnO and ZnS at the boundary.[45](#advs544-bib-0045){ref-type="ref"}, [46](#advs544-bib-0046){ref-type="ref"} Elemental mapping of ZnOS‐30 was performed to further confirm that Zn, O, and S elements are evenly distributed on the nanoparticles and suggest that the species of ZnO and ZnS are connected to each other in nanoscale rather than isolated (Figure [3](#advs544-fig-0003){ref-type="fig"}b inset). In addition, the clear fringes observed in the selected area electron diffraction (SAED, Figure [3](#advs544-fig-0003){ref-type="fig"}c) indicate the polycrystalline property of ZnO/ZnS nanoparticles and presence of (‐101) (100) (002) (110) (103) planes of ZnO (JCPDS card no. 80--74) and (‐111) (220) (311) planes of ZnS (JCPDS card no. 1--792).

The UV--vis diffuse reflectance spectra of ZnOS‐n were measured to confirm their light‐harvesting abilities. As shown in **Figure** [**4**](#advs544-fig-0004){ref-type="fig"}a, increasing the concentrations of ZnO in ZnO/ZnS heterostructures led to improved intensities of visible‐light absorption from ZnOS‐15 to ZnOS‐30 and decreased intensities from ZnOS‐30 to ZnOS‐60. The minimal residual carbon was confirmed by element analysis (EA, Table S2, Supporting Information). The gradual decrease of the carbon content from ZnOS‐15 to ZnOS‐60 could reduce the light absorption capacity of full spectrum gradually. However, the order of light‐harvesting abilities as shown in Figure [4](#advs544-fig-0004){ref-type="fig"}a demonstrates that the light‐harvesting abilities of ZnO/ZnS heterostructures are not dominated by the trace amount of conductive carbon. In addition, ZnS\@C and the nanoparticles obtained at 450 °C in air with high carbon content showed strong visible‐light absorption capability (Figure S16, Supporting Information) but negligible photocatalytic HER activity under visible‐light irradiation (Figure S17, Supporting Information), further indicating that the photocatalytic property is from the ZnO/ZnS heterostructure. The optimal visible‐light absorption of the synthesized ZnO/ZnS nanostructures is found with ZnOS‐30.

![a) UV--vis absorption spectra, b) PL emission spectra (excitation wavelength = 360 nm), c) EIS plots, and d) photocurrent‐time dependence of ZnOS‐n.](ADVS-5-1700590-g004){#advs544-fig-0004}

To investigate the charge‐carrier separation/recombination rates of the photoexcited carriers, photoluminescence (PL) spectra under excitation wavelength of 360 nm were performed (Figure [4](#advs544-fig-0004){ref-type="fig"}b). The results show that PL intensity of ZnOS‐n decreases first and then increases subsequently with increasing concentration of ZnO in ZnO/ZnS heterostructures, among which ZnOS‐30 exhibits the weakest PL intensity. The PL quenching behavior suggests the effective suppression of the electron--hole recombination,[47](#advs544-bib-0047){ref-type="ref"} while the lower recombination rate can facilitate the heterogeneous photocatalysis. In accordance with the PL spectra, ZnOS‐30 exhibits the smallest Nyquist plot diameter in the electrochemical impedance spectra (EIS, Figure [4](#advs544-fig-0004){ref-type="fig"}c), indicating its low charge‐transfer resistance.[48](#advs544-bib-0048){ref-type="ref"}, [49](#advs544-bib-0049){ref-type="ref"}, [50](#advs544-bib-0050){ref-type="ref"} Moreover, the photocurrent density of ZnOS‐30 is the highest in the ZnOS‐n (Figure [4](#advs544-fig-0004){ref-type="fig"}d), illustrating its high efficient separation of photoexcited charge carriers,[51](#advs544-bib-0051){ref-type="ref"} which is attributed to its abundant coupling interface between ZnO and ZnS nanoparticles resulting from the almost equal amounts of ZnO and ZnS in ZnOS‐30.

To understand the fundamental electronic structure of ZnO/ZnS heterostructure, first‐principle calculations were performed on the basis of hybrid density functional theory (DFT) method. Optimized ZnO(001)/ZnS(001) heterostructure slab model was adopted as **Figure** [**5**](#advs544-fig-0005){ref-type="fig"}a. In this model, a mutual Zn atom was shared by two phases as the interface of heterostructure. The band structures are depicted in Figure S18 (Supporting Information) and Figure [5](#advs544-fig-0005){ref-type="fig"}b. It is clearly seen that the ZnO/ZnS heterojunction presents a semiconductor character with an indirect band gap of 2.60 eV from ZnO (3.26 eV) and ZnS (3.72 eV), which is consistent with the result of UV--vis diffuse reflectance spectra in Figure [4](#advs544-fig-0004){ref-type="fig"}a. As shown in the band structure, valence band maximum (VBM) locates between S and X point and conduction band minimum is between Y and S point. The band alignment is illustrated in Figure [5](#advs544-fig-0005){ref-type="fig"}c. The conduction band minimum (CBM) edge position of ZnO/ZnS locates at −0.17 V, which is more negative than that of H^+^/H~2~ (0 V). In this case, electrons are excited by light irradiation and transferred to H^+^, and hence could reduce H^+^ to H~2~. The projected density of states of ZnO/ZnS heterojunction (Figure [5](#advs544-fig-0005){ref-type="fig"}d) indicates that VBM and CBM are derived from ZnS and ZnO, respectively. Schrier et al. have calculated that the band gap of ZnO/ZnS core/shell nanowires can be 2.07 eV,[22](#advs544-bib-0022){ref-type="ref"} which is close to our calculation result and further lays the theoretical foundation for ZnO/ZnS heterostructures as photocatalysts under visible‐light irradiation.

![The first‐principle calculations on the electronic structure of ZnO/ZnS heterostructures. a) Optimized geometric structure of ZnO/ZnS heterojunction interface. Red, yellow, and gray balls denote O, S, and Zn atoms, respectively. b) Calculated band structure plots of ZnO/ZnS interface. c) Schematic illustration of band alignment and carrier separation in the proposed heterostructure. d) Projected density of states of ZnO/ZnS heterojunction.](ADVS-5-1700590-g005){#advs544-fig-0005}

2.2. Photocatalytic Performance for Hydrogen Evolution Reaction {#advs544-sec-0040}
---------------------------------------------------------------

The work demonstrated that the ZnO/ZnS heterostructure is a promising photocatalyst for reducing water to form H~2~ under visible‐light irradiation. We further investigated the photocatalytic activity of the synthesized materials for the production of hydrogen in the presence Na~2~S and Na~2~SO~3~ as a sacrificial electron donor without the use of any cocatalysts under visible light (\>420 nm, **Figure** [**6**](#advs544-fig-0006){ref-type="fig"}a). As shown in Figure [6](#advs544-fig-0006){ref-type="fig"}b, with the increasing of the amount of ZnO in ZnOS‐n, HER gradually speeds up and reaches an optimum as high as 435 µmol g^−1^ h^−1^ by ZnOS‐30. The HER rate then decreases upon further increasing the ZnO content. Notably, the relative content of ZnO and ZnS in composite ZnOS‐n played an important role for photocatalytic H~2~ production activity. When ZnS\@C was calcined in air for 15 and 60 min, ZnOS‐15 and ZnOS‐60 formed with the minimum and the maximum content of ZnO, respectively. In composite ZnOS‐15, ZnO as the gathering place of photoexcited electron may not be enough on the surface, resulting in the decreased photocatalytic activity. On the contrary, in composite ZnOS‐60, the ZnS is covered by ZnO and photoexcited holes on the ZnS will not be able to contact with the hole scavengers efficiently.[52](#advs544-bib-0052){ref-type="ref"} The high photocatalytic activity of ZnOS‐30 in comparison with other ZnOS‐n (*n* = 15, 45, and 60) may result from the abundant coupling interface between ZnO and ZnS nanoparticles, which improves interfacial charge transfer and therefore effective charge separation.[53](#advs544-bib-0053){ref-type="ref"}, [54](#advs544-bib-0054){ref-type="ref"} In addition, the HER catalytic results match well with the intensities of photocurrent of the materials. For comparison, ZnS nanoparticles and the mixture of ZnO and ZnS nanoparticles by milling were also tested under the same reaction conditions, and both exhibited much low visible‐light HER activities.

![Photocatalytic performance of ZnO/ZnS heterostructures. a) Time‐dependent photocatalytic hydrogen evolution under visible‐light irradiation (λ \> 420 nm, 300 W Xe lamp) for ZnOS‐n. b) Comparison of photocatalytic HER of ZnS/ZnO mixture, ZnS and ZnOS‐n under visible‐light irradiation. c) Cycling test of H~2~ evolution (evacuation every 5 h) for ZnOS‐30 under visible‐light irradiation. d) Cycling test of H~2~ evolution (evacuation every 5 h) for recycled and reprocessed ZnOS‐30 after 40 h cycling test.](ADVS-5-1700590-g006){#advs544-fig-0006}

The stability of ZnOS‐30 was evaluated by carrying out photocatalytic hydrogen evolution under identical reaction conditions for eight cycles. As shown in Figure [6](#advs544-fig-0006){ref-type="fig"}c, even after 40 h of light irradiation, 75% of the original catalytic activity was maintained. The reason for the reduced photocatalytic activity is that ZnO in ZnO/ZnS heterostructures gradually transformed into ZnS in Na~2~S and Na~2~SO~3~ solution under irradiation. It is noteworthy that the recycled ZnOS‐30 could restore the original photocatalytic activity after reannealing again in air for 30 min (Figure [6](#advs544-fig-0006){ref-type="fig"}d). This leads to the recovery of ZnS to ZnO/ZnS in ZnOS‐30, which is proved by PXRD (Figure S19, Supporting Information). Impressively, the performance of ZnOS‐30 is among the best reported congeneric photocatalysts with high visible‐light photocatalytic activity and photostability (Table S3, Supporting Information).

3. Conclusion {#advs544-sec-0050}
=============

A new type of ZnO/ZnS nanostructures has been fabricated by coupling solvothermal synthesis with a two‐step calcination strategy for photocatalytic hydrogen production under visible light. In the heteronanostructures, ZnO and ZnS nanoparticles are homogeneously integrated owning to the uniform sulfidation of the MOF precursor at the molecular level and subsequent oxidization of the nanoscale ZnS\@C. This new synthesis method significantly improves the interfacial catalytic active sites and makes it possible to optimize the light absorption capability and charge separation efficiency. In particular, the light‐harvesting ability can be well tuned by regulating the content of ZnO in the ZnO/ZnS heteronanostructures, leading to the optimized ZnOS‐30 that shows excellent photocatalytic HER activity and recoverability under visible light. The strategy reported here, i.e., homogeneous nanoscale ZnO/ZnS heterostructures from a MOF‐assisted route, provides a new approach to synthesize the uniformly integrated heteronanostructures of metal oxides and sulfides for catalysis and energy conversion.

4. Experimental Section {#advs544-sec-0060}
=======================

*Synthesis of MOF‐5*: Zn(NO~3~)~2~·6H~2~O (2.98 g, 10 mmol) was dissolved in 25 mL *N*,*N*‐dimethylmethanamide (DMF) to form a solution, which was subsequently poured into 65 mL DMF solution containing 1,4‐benzenedicarboxylate (0.33 g, 2 mmol). After thorough mixing, the solution was refluxed at 100 °C for 12 h. The resulting white precipitates were collected by centrifuging, washed with DMF and methanol in sequence for at least three times, and finally dried in vacuum at 70 °C overnight.

*Synthesis of ZnOS‐n*: 80 mg of the as‐prepared MOF‐5 and 160 mg of thioacetamide were added into a 23 mL a Teflon‐lined stainless‐steel autoclave, followed by the addition of 16 mL of absolute ethanol. After heating at 120 °C for 4 h, the mixture was centrifuged, washed with ethanol for three times, and dried at 75 °C overnight. Then, the product was annealed under N~2~ atmosphere at 550 °C for 2 h with the heating speed of 5 °C min^−1^ to obtain ZnS\@C. Finally, the obtained ZnS\@C was heat treated at target temperature (550 °C) for *n* min (*n* = 15, 30, 45, and 60) with the heating speed of 10 °C min^−1^ under air to obtain a series of products denoted ZnOS‐n. The compressed anhydrous air in cylinder was used as the air source for this thermal oxidation.

*Materials and Characterizations*: All the reagents in this experiment were analytical grade and used as received without further purification. PXRD was performed on a Rigaku Ultima IV diffractometer using Cu Kα radiation. TGA was performed in nitrogen flow on NETZSCH TG 209F3. Field‐emission scanning electron microscopy images were measured on JEOL JSM‐7500F scanning electron microscope. TEM images were taken on FEI Tecnai G2F20 electron microscope (200 kV). XPS were obtained using a PHI5000 VersaProbe XPS spectrometer. EA (C, H, and N) were characterized by Perkin‐Elmer 2400‐II CHNS/O analyzer. UV--vis spectra were performed on a Jasco V‐570 spectrophotometer.PL spectra were measured on an Agilent Cary Eclipse spectrophotometer.

*Computational Method*: Calculations were based on DFT. The Vienna ab initio simulation package[55](#advs544-bib-0055){ref-type="ref"}, [56](#advs544-bib-0056){ref-type="ref"} was implemented to optimize the structures and investigate their properties. To optimize geometric structures, ion--electron interactions were depicted by projector augmented waves[57](#advs544-bib-0057){ref-type="ref"}, [58](#advs544-bib-0058){ref-type="ref"} when the function of Perdew--Burke--Ernzerhof (PBE)[59](#advs544-bib-0059){ref-type="ref"} based on the generalized gradient approximation was adopted to describe the exchange and correlation potential. Considering that the PBE function underestimates the band gaps of semiconductors in general, electronic structures are calculated using hybrid Hartree--Fock/DFT calculations[60](#advs544-bib-0060){ref-type="ref"} with the mixing parameter of 0.5 and 0.5 for fraction of exact exchange and fraction of gradient correction to exchange. In this calculation, 5 × 5 × 1 and 15 × 15 × 1 Monkhorst--Pack[61](#advs544-bib-0061){ref-type="ref"} sampled k points were used for geometry optimizations and electronic structure calculations, respectively. Cut‐off energy of 400 eV was adopted. The vacuum space is set to be at least 20 Å to separate the interactions between neighboring slabs. Criteria of convergence were set to 1 × 10^−4^ eV and 0.01 eV Å^−1^ for the self‐consistent field and ion steps, respectively.

*Photoelectrochemical Measurements*: Photoelectrochemical measurements were conducted with a CHI660D Electrochemical System in a conventional three electrode cell, using a Pt plate as the counterelectrode, and an Ag/AgCl electrode (0.1 [m]{.smallcaps} Na~2~SO~4~) as the reference electrode. The working electrode was prepared on indium‐tin oxide (ITO) glass that was cleaned by sonication in ethanol for 30 min and dried at 353 K. The boundary of ITO glass was protected using Scotch tape. The 10 mg catalyst was dispersed in 1 mL of ethanol by sonication for 1 h to get a slurry, then the slurry was spread onto pretreated ITO glass. After natural drying overnight, the working electrode was further dried at 393 K for 5 h to improve adhesion.

*General Procedure for Photocatalytic H~2~ Evolution*: The photocatalytic hydrogen evolution experiments were carried out under 300 W Xe lamp (PLS‐SXE 300C, Beijing PerfectLight Co. Ltd, China, λ \> 420 nm), and the reactor was a top‐irradiation‐type Pyrex reaction cell connected to a closed gas circulation and evacuation system. The wavelength of the incident light was controlled by employing 420 nm long‐pass cut‐off filter. In a typical experiment, 50 mg catalyst was suspended in 100 mL aqueous solution, which contained Na~2~S (10.0 mmol, 2.4 g) and Na~2~SO~3~ (10.0 mmol, 1.26 g) as sacrificial electron donor. Afterward, the reaction system was sealed carefully before evacuated several times to remove air completely. Finally, the sealed quartz reactor was irradiated with the fixed distance (10 cm). During the photocatalytic reaction, the reaction solution was kept with a continuous magnetic stirring and 15 °C by a flow of cooling water. The evolved gases were analyzed by gas chromatography equipped with a thermal conductive detector and a 5 Å molecular sieve column, using N~2~ as the carrier gas.
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